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MicropropagationSouthAfrica is home to approximately 10% of theworld'sﬂora,many ofwhich are endemic to the country. A large
number of South African genera have been improved for horticultural use and many of these are economically
important as cut ﬂowers or ornamentals on international markets. The genus Crocosmia, an attractive member
of the family Iridaceae, has potential both as an ornamental plant and for cut ﬂower production, althoughmarket
potential of the species may be increased by improving the size of the ﬂowers and inﬂorescence. Polyploidy has
been used as a tool in the improvement of ornamental plants and has led to the development of several improved
ornamental species. This study established a micropropagation protocol for Crocosmia aurea, using seed as the
source material. Tetraploidy was induced by treating seeds with colchicine. These seeds were subsequently
germinated and multiplied in vitro using the established protocol. The resulting tetraploid plantlets
were successfully hardened-off andused to study the effect of the induced tetraploidy on the plant characteristics.
The tetraploid (4n) plants were found to have longer, wider leaves as well as longer inﬂorescence stems
and fewer, but larger, ﬂowers than their diploid (2n) counterparts. These polyploid selections have potential in
the ornamental/ﬂoriculture trade.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
The family Iridaceae comprises 65 genera and over 2000 species, of
which 38 genera and more than half the species occur in South Africa.
The plants are cormous or rhizomatous and have sword-like leaves.
In general, the ﬂowers are attractive and many species are important
garden ornamentals across the globe. Although numerous species
of the family have been improved by plant breeders throughout the
world (Niederwieser et al., 2002; Ascough et al., 2009), there are
many more species with potential for further horticultural develop-
ment. Crocosmia aurea is no exception. This iris has bright orange-red
ﬂowerswhich appear from January to June on a branched inﬂorescence,
following which a ﬂeshy seed capsule containing purple-black seeds
develops. The plant is wide-spread in the eastern parts of South Africa,
where it occurs predominantly in moist areas from the coast to
2000 m above sea level (Pooley, 1993). Owing to its inherent beauty,
C. aureawas selected for investigation of its potential as an ornamental
plant and for cut ﬂower production.ncil, Institute for Tropical and
Africa. Tel.: +27 13 753 7000;
y Elsevier B.V. All rights reserved.Conventional breeding has resulted in substantial improvement of
genera within the family Iridaceae and many of these, such as Gladiolus,
Iris and Freesia are important cut ﬂowers on both local and international
markets. The development of polyploid (chromosome doubling) induc-
tion protocols offers enormous potential for further improvement in
the family. Naturally-occurring polyploidy is a phenomenon that has
provided an important pathway for evolution and speciation in plants.
Although the ﬁrst polyploid was discovered over a century ago, the
genetic and evolutionary implications of polyploidy are still being eluci-
dated (Yang et al., 2011). The relative ease with which artiﬁcial induc-
tion of polyploidy can be achieved provides an opportunity for using
this naturally-occurring phenomenon as a valuable tool in plant breed-
ing programmes, where polyploidy has been used extensively as a tool
for creating novelty in ornamental crops (Levin, 1983; Väinölä, 2000;
Ascough et al., 2008). In general, tetraploids have larger ﬂowers and
fruit than their diploid counterparts and furthermore, because of their
altered blooming periods, may have wider harvesting and marketing
windows (Levin, 1983). These factors are particularly important in orna-
mental plants and cut ﬂowers,when the potential for commercialisation
is addressed. The artiﬁcial induction of polyploidy has been reported
for a number of South African iridaceous genera, including Watsonia
(Ascough et al., 2007, 2008) and Gladiolus (Suzuki et al., 2005).
Because naturally-occurring polyploid genotypes are usually
unavailable, polyploidy is typically induced in breeding programmes
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by exposure to colchicine (Caperta et al., 2006). Polyploid induction
depends on the concentration of colchicine, the duration of exposure,
explant type, and tissue penetrability (Allum et al., 2007). Colchicine-
induced polyploidy is characterized by low induction rates and a high
frequency of chimaeras or mixoploids which must be screened out
of the population; this ismost commonly achieved through ﬂow cytom-
etry analysis (Galbraith et al., 1997). If colchicine-induced pure tetra-
ploids are not produced, rapid in vitro proliferation can be used to
segregate pure tetraploids from chimaeras, due to the nature of the
in vitro proliferation system.
Micropropagation has increasingly become a valuable tool for
breeders, assisting in releasing new selections and cultivars into the
market more rapidly. Ascough et al. (2009) reported that the ﬁrst pub-
lished record of Crocosmia micropropagation was by Koh et al., 2007.
Ovaries and ﬂorets of Crocosmia crocosmiiﬂora were cultured with 2,4-
dichlorophenoxyacetic acid (2,4-D), naphthalene acetic acid (NAA), 6-
benzylaminopurine (BAP) or kinetin. Callus formed on ovaries at low
frequencies (1–28%) with BA and 2,4-D, but rooting was proliﬁc with
either NAA or 2,4-D. When ﬂorets were used as starting material,
roots and corms were induced using a combination of kinetin with
either 2,4-D or NAA. These corms produced shoots when kinetin was
applied, callus when 2,4-D was used in combination with BA, and
corms when kinetin was used in combination with 2,4-D.
The primary objective of this study was to develop a rapid and efﬁ-
cient protocol for themicropropagation of C. aurea, to establishmethods
for polyploid induction and to assess selected ﬂoral characteristics of
the resulting polyploid plants, with a view to the development and
improvement of the species.2. Materials and methods
2.1. Development of micropropagation protocols
Diploid seeds (obtained from Silverhill Seeds, Cape Town) of C. aurea
were used as starting material to develop a micropropagation protocol.
Five hundred seeds were sterilised for 20 min using a 1% [w/v] calcium
hypochlorite solution. The sterilised seeds were rinsed three times with
sterile distilled water before being cultured on standard MS medium
(Murashige and Skoog, 1962 [MS]) containing 30 g l−1 sucrose, adjusted
to pH 5.7 and sterilized by autoclaving for 20 min at 121 °C at 1 bar.
Each seed was germinated in a glass tube containing 10 ml medium.Fig. 1. Effect of colchicine concentration on seed germination of Crocosmia aurea.Thegerminated seedlingswere then transferred toMSmedium contain-
ing one of four concentrations of BAP – 0.0 μM, 4.4 μM, 8.8 μM or
13.2 μM – to determine the most appropriate medium for plantlet mul-
tiplication. Each of the four BAP treatments comprised three replicates
with 20 plantlets per replicate. Plantlets were maintained at 25 to
27 °C under a 16/8 h light/dark regime with cool white ﬂuorescent
light (81 μmol m−2 s−1, Phillips 65 W) and were subcultured every 4
to 6 weeks. Once multiplied and rooted, the medium was rinsed from
the roots and plantlets were hardened-off for 4 weeks in a mist bed
(housed within a polycarbonate tunnel maintained at 15 to 27 °C) in
Speedling® trays containing a 1:1 (v/v) mixture of composted pine
bark and coarse river sand, before being planted out into 2 l potting
bags containing a 1:1 (v/v) mixture of composted pine bark and sand.
Plants were thereafter maintained in a shade house (40% shade cloth)
at ambient conditions. Plantswerewatered daily on an irrigation system
and Osmocote® was applied as a slow-release fertiliser.2.2. In vitro induction of polyploidy
Diploid seeds of C. aurea were used as starting material to produce
tetraploid plants, with the protocol described above being used to mul-
tiply plantlets generated from the treated seed. Five hundred diploid
seeds were physically scariﬁed to facilitate colchicine uptake and then
treated, under aseptic conditions, with a 25 μM sterile colchicine solu-
tion for 3 days or, alternatively, a 0.25 μM solution overnight (based
upon results previously obtained in our laboratory). The treated seeds
were cultured on the previously determined optimum in vitromedium
(MS medium supplemented with 4.4 μM BAP). Germination rate was
recorded over 6 weeks, as was the ﬁnal germination percentage. Prolif-
eration rate (number of shoots per 4–6 week subculture interval), shoot
height and rooting percentage weremeasured to determine differences
between the two colchicine treatments as well as between diploid and
tetraploid shoot cultures. Plants were maintained in vitro until they
were large enough for ploidy analysis (approximately 12 weeks after
treatment) and subculture. The experiment was repeated three times.2.3. Ploidy analysis and proliferation of conﬁrmed tetraploid plants
The ploidy level of treated seedlings was veriﬁed using a Partec
PA ploidy analyser (Partec, Germany). Samples were prepared for
ﬂow cytometry analysis using approximately 1 cm2 of leaf tissue. The
tissue was macerated with a razor blade in 125 μl of nucleus extraction
solution (Partec, Germany), after which the homogenate was ﬁltered
through a 50 μm mesh ﬁlter. The isolated nuclei were stained with
1250 μl 4′-6-diamidino-2-phenylindole (DAPI) stain (Partec, Germany)
prior to commencing ﬂow cytometry analysis. Nuclei isolated from
untreated, diploid plantlets were used as a standard. Histograms were
analysed using the Partec software package. Seedlings conﬁrmed as
tetraploid were proliferated on MS medium containing 4.4 μM BAP
under the same conditions described above. Plantlets were hardened-
off as described above and used to determine polyploidy effects on
various horticultural characteristics.2.4. Morphological characterisation of tetraploids
In order to evaluate whether polyploidy induction had an effect on
the horticultural characteristics of Crocosmia, diploid and tetraploid
plantlets were proliferated and maintained as described above. The fol-
lowing characteristics were evaluated once themicropropagated plants
had hardened-off and reached maturity: leaf width and length, ﬂower
diameter, petal width and length, stigma, stamen and anther length,
inﬂorescence diameter and length, as well as ﬂower bud number per
inﬂorescence.
Fig. 2.Representativeﬂow cytometric histogramsdocumenting theploidy level of nuclei isolated from leaves. A. diploid, B. tetraploid, C. diploid:tetraploidmixoploid,D. tetraploid:octoploid
mixoploid.
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The experimental layout for all experiments was a complete
randomised design (CRD) with 3 replications. An analysis of variance
(t-test) was performed at the 5% signiﬁcance level.
3. Results and discussion
3.1. Development of a simple method for in vitro micropropagation
of C. aurea
Despite the wealth of available germplasm amongst the Iridaceae,
only 40 species from 12 genera have been micropropagated (Ascough
et al., 2009). George (1993) and Ascough et al. (2009) presented
extensive summaries of bulbous and cormous species which were
micropropagated in vitro, and subsequently successfully hardened-off
and established ex vitro. According to Ascough et al. (2007), root and
leaf explants of Watsonia spp. were incapable of shoot regeneration,Table 1
Effect of in vitro colchicine treatments on polyploidy induction in Crocosmia aurea.
Treatment Exposure time Ploidy (%)
Diploids 2n:4n Mixoplo
Control 100.0 0
0.25 μM Overnight 53.51 8.77
25 μM 3 days 74.16 9.80but hypocotyl segments were highly regenerative when both an auxin
(NAA) and cytokinin (BAP) were present in the medium. However,
shoot multiplication was greatest when only BAP (2.2 μM) was added
to the medium. Similar results were obtained for Dierama latifolium
(Page and van Staden, 1985) and Schizostylis coccinea (Hussey, 1976),
both iridaceous species. In the current study, aseptic cultures of
C. aurea were readily established using the methods described above.
Although BAP at a concentration of 4.4 μM had a tendency to produce
a slightly higher multiplication rate (3.35 shoots every 4-6 weeks)
than BAP at a concentration of 8.8 μM (3.2 shoots every 4–6 weeks),
the difference in treatments was not signiﬁcant after a period of
4 months. The addition of BAP at a concentration of 13.2 μM gave
a shoot multiplication rate of 2.75. Although growth regulator addi-
tion usually speeds up the rooting process and increases rooting
percentage, as has been reported for several other genera (George,
1993), transfer of C. aurea shoots to a growth regulator-free MS
medium resulted in root formation on 100% of shoots cultured in





Comparison after 4 months of the in vitro performance of diploid and tetraploid Crocosmia aurea plantlets onMS nutrient medium supplementedwith 30 g/l sucrose and various concen-
trations of 6-benzylaminopurine (BAP).
Treatment 0 μM BAP 4.4 μM BAP 8.8 μM BAP 13.2 μM BAP
Diploid Tetraploid Diploid Tetraploid Diploid Tetraploid Diploid Tetraploid
Proliferation ratea 2.13a 2.25a 3.35b 3.25b 3.20b 3.32b 2.75a 2.63a
Shoot height (mm) 45.2a 42.3a 46.5a 45.3a 42.5a 41.8a 43.5a 42.1a
Rooting (%) 100.0a 100.0a 100.0a 100.0a 100.0a 100.0a 100.0a 100.0a
Different letters denote a signiﬁcant difference at p b 0.05.
a Number of shoots per 4–6 week subculture interval.
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The germination rate and percentage of seeds treated with
0.25 μM colchicine tended to be higher than that of the 25 μM treat-
ment (p b 0.05), although the difference was not statistically signiﬁ-
cant (Fig 1). However, colchicine had a signiﬁcant negative effect on
germination for both the 0.25 μM overnight and 25 μM three day treat-
ments, when comparedwith the control. The differences in germination
rate manifested ﬁve to 6 weeks after initial exposure to colchicine.
Similar ﬁndings have been reported on a wide range of species (Ramsey
and Schmeske, 1998).
3.3. Effect of colchicine on polyploidy induction and in vitro development of
induced plantlets
Samples of leaf material were harvested for ﬂow cytometry analysis
from in vitro-grown shoots 12 weeks after colchicine treatment. Flow
cytometry analysis was carried out to determine the ploidy levels of
in vitro regenerants, which included mixoploids (Fig. 2). Of the plants
treated overnight with 0.25 μM colchicine, 29.82% were identiﬁed as
tetraploids, with 8.77% identiﬁed as 2n:4n mixoploids and 3.51% as
4n:8n mixoploids (Table 1). A small percentage (4.39%) was identiﬁed
as octoploid for the same treatment. For the 25 μMthree-day treatment,
16.04 % of the seedlings were identiﬁed as tetraploid, with 9.8% being
2n:4nmixoploids and no octoploids identiﬁed (Table 1). All mixoploids
were discarded to prevent proliferation of an unstable population of
such plants. The effectiveness of colchicine application and polyploidy
induction in vitro not only depends highly on the plant species but
also on the colchicine concentration applied, duration of treatment,
type of explant, and the penetration of the compound (Allum et al.,
2007). Colchicine has been used effectively at both lower (i.e. 0.25 μM
for Lychnis senno (Chen et al., 2006)) and very high concentrations
(i.e. 38,000 μM for Chaenomeles japonica (Stanys et al., 2006)). Within
the Iridaceae family, polyploidy has been successfully induced inGladiolus
spp. (Suzuki et al., 2005) andWatsonia lepida (Ascough et al., 2008).
There was no signiﬁcant difference in in vitro shoot height, multi-
plication rate or rooting between in vitro diploid and tetraploid shootsTable 3
Effect of polyploidy on selected morphological characteristics of Crocosmia aurea.
Morphological characteristic Diploid Tetraploid
Flower diameter (mm) 62.78a 78.2b
Width of petal (mm) 8.936a 15.04b
Length of petal (mm) 31.05a 36.72b
Length of stamens (mm) 26.07a 32.27b
Length of stigma (mm) 29.70a 29.03a
Length of anther (mm) 9.53a 8.585a
Diameter of inﬂorescence stem (mm) 3.09a 3.54b
Length of inﬂorescence stem (mm) 794.67b 577.70a
Number of ﬂowers 29.00b 21.67a
Different letters within a row denote signiﬁcant difference at p b 0.05, n = 12.(Table 2). Rooted plantlets, both diploid and tetraploid, were readily
hardened-off in the mist bed. There was no difference in survival rate
or in plant growth and development between diploid and tetraploid
plants. Survival rate was in the order of 98% for both diploid as well as
for tetraploid plants.
3.4. Morphological characteristics of tetraploid C. aurea plants
Overall ﬂower size i.e. ﬂower diameter, petal width, petal length,
stamen length, diameter and length of the inﬂorescence stem and
the number of ﬂowers on the inﬂorescence were signiﬁcantly different
for the induced tetraploid plants compared with the diploid plants
(Table 3). Overall ﬂower size i.e. ﬂower diameter and petal length and
breadth (Fig. 3) and the diameter of the inﬂorescence stemwere signif-
icantly larger and thicker, respectively, for the induced tetraploids com-
paredwith thediploids. Conversely, the length of the inﬂorescence stem
and number of ﬂower buds per inﬂorescencewas signiﬁcantly lower for
the induced tetraploids. Polyploidy can result in signiﬁcant cell enlarge-
ment, which is particularly desirable for ﬂowering ornamental species.
Several reports since the advent of induced polyploidy research on
ornamentals describe increases in ﬂower size (Emsweller and Ruttle,
1941; Tulay and Unal, 2010), alterations in inﬂorescence stem length
(Griesbach and Bhat, 1990; Takamura and Miyajima, 1996), and num-
ber of ﬂowers per stem (Kafawin and Chen, 1991; Tulay and Unal,
2010) for awide range of ornamental species, andwith differing results.
There is nomeans to predict direction ofmorphological or physiological
change for induced polyploids for a particular species. For C. aurea, there
appeared to be no signiﬁcant difference between induced tetraploids
and diploids regarding certain reproductive parts of the ﬂower (anther
and stigma length), while others (stamens) were signiﬁcantly longer in
the tetraploids than in the diploids. The induced tetraploids appeared to
be sterile since no seed was set over the evaluation period compared
with the diploids, 100% of which set seed. This could be a physical con-
straint during pollination due to the altered morphology of the plant
parts, since pollen viability studies using acetocarmine staining showed
no difference in viability between diploid and tetraploid pollen (results
not shown). Changes in ﬂower shape, due to polyploidy, have been
reported to attract different species of insects to the polyploid
ﬂowers which could preclude pollination (Thompson and Merg, 2008).
Although tetraploid plants did not set seed, the in vitromicropropagation
method developed would facilitate the establishment of a mother-block
of polyploid plants (and thereby establish a genebank) which are easily
hardened-off. Producers could then successfully vegetatively propagate
C. aurea through division of corms.
C. aurea is thus readily propagated in vitro, and in vitro tetraploid
induction provides a method for the development of C. aurea plants
with signiﬁcantly larger ﬂowers than their diploid counterparts. Prelim-
inary observations of ﬂowering of the tetraploid plants indicated that
ﬂowering appears to be initiated several weeks after the diploids.
In fact, ﬂowering mimics the vegetative phenological cycle, with the
dormant tetraploid corms producing vegetative growth several weeks
after the diploids (preliminary observation; data not shown). It has
Fig. 3. Comparison of diploid (A and B) and induced tetraploid (C and D) C. aurea ﬂowers. Scale bar represents 1 cm.
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growth rate, may ﬂower later or over a longer period than their diploid
progenitors (Datta, 1963; Roy and Dutt, 1972; Levin, 1983). This is an
attribute of particular interest in ornamental breeding (Weiss, 2002).
Furthermore, Kehr (1996) reported that ﬂowers are longer lasting in
polyploid plants — vase life has yet to be determined for the tetraploid
plants produced in this study. In conclusion, additional research is
needed to establish possible alterations in vase life of tetraploids
compared with the diploids; phenological studies to determine
ﬂowering times are also required to determine a potential increase
or decrease of marketing windows.
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